Among various transition metal dichalcogenides, MoTe 2 has drawn attention due to its capability of robust phase engineering between semiconducting (2H) and semi-metallic distorted octahedral (1T′) phase. In particular, 1T′-MoTe 2 has been predicted to have intriguing physics such as quantum spin Hall insulator, large magnetoresistance, and superconductivity. Recent progress showed weak antilocalization behavior in 1T′-MoTe 2 which is the one of representative characteristics in topological insulator. Here, we grow centimeter-scale monolayer 1T′-MoTe 2 on SiO 2 /Si substrate via chemical vapordeposition and demonstrate dichroism in visible range. Ribbon-like 1T′-MoTe 2 flakes were initially nucleated randomly on SiO 2 substrate and at a later stage merged to form a continuous monolayer film over the entire substrate. Each flake revealed one dimensional Mo-Mo dimerization feature and anisotropic absorption behavior in visible range (400-600 nm). This allowed us to detect the grain boundary due to stark contrast difference among flakes in different orientations.
Introduction
Transition metal dichalcogenides (TMDs) have demonstrated numerous intriguing properties recently. In particular, 2H-phase monolayer MX 2 (M: Mo and W, X: S, Se, Te) have direct bandgap [1] [2] [3] which provides various opto-electronics and electrical devices [4] [5] [6] applications whereas investigation of 1T′-phase materials are little known. Several fascinating physical properties have been reported on metallic phase: diverging magnetoresistance [7] [8] [9] , Weyl semimetal and superconductivity [9] [10] [11] [12] , and phase engineerings [13] [14] [15] via various approaches. Nevertheless, these works have been limited with few-layer or bulk materials. Little is known for monolayer metallic phase due to the absence of monolayer samples. Recently, monolayer 1T′-MoTe 2 flake has been grown [16] by introducing ammonium heptamolybdate (AHM) and evaporation of solid S in presence of promoting layer. The measured antilocalization characteristics could be significant in physics and future electronics.
In this report, we synthesize monolayer 1T′-MoTe 2 in a centimeter scale and report absorption dichroism in visible range due to one-dimensional anisotropic atomic arrangement. Anisotropy of 1T′-MoTe 2 confirmed through frictional force microscopy (FFM), transmission electron microscopy (TEM) and scanning tunneling microscopy (STM). We further investigated optical anisotropy of 1T′-MoTe 2 through absorption spectroscopy and polarizing optical microscopy (POM). In fact, anisotropic absorption of 1T′-MoTe 2 was observed from flakes with a polarizer crossed with an analyzer by ∼85°.
Result and discussion
The growth setup is rather simple but high temperature (>600°C) is required to generate vapor from pure Te metal. Figure 1(a) describes the cross-section of our quartz tube furnace. Tellurium pellet (∼1 g) was placed at quartz plate (1 mm thickness) and vaporized with N 2 /H 2 carrier gas to the substrate that was coated with AHM precursor in advance. The growth temperature was limited to below 650°C to avoid the generation of silicon telluride (see the method section for the growth detail). Figure 1 (b) shows optical image of MoTe 2 flakes grown by CVD method as described. At relatively low precursor density, ribbon-like flakes were scattered uniformly with random orientation. Contrast of each ribbon varied with its orientation inherent from anisotropic absorption from POM (see supplementary information (SI), figure S1 ). Raman spectrum revealed the peaks of monolayer 1T′-MoTe 2 with characteristic B g mode near 160 cm −1 and A g modes near 252 and 268 cm −1 of C 2h point group [17] [18] [19] at a 532 nm laser excitation wavelength, in figure 1(c), which is clearly distinct from 2H phase [19] [20] [21] , and also same as previous work [16] . Full coverage of monolayer MoTe 2 film was obtained by increasing Mo precursor density. Monolayer MoTe 2 was uniformly grown on entire SiO 2 (300 nm)/Si wafer within one hour in figure 1(d) . A small portion (typically lower than 3% in area) of multilayer flakes (white arrows) was scattered, possibly attributed to the locally aggregated source on the SiO 2 surface during growth. No self-limiting growth factor was found in this case and the size of the sample is limited only by the CVD chamber size. X-ray photoelectron spectroscopy (XPS) of Mo3d and Te3d shows two clearly distinct peaks [22] of 3d 5/2 and 3d 3/2 from fully covered 1T′-MoTe 2 sample (figures 1(e) and (f)) and full-width-half-maximum of monolayer MoTe 2 is not much different (∼0.1 eV) from bulk single crystal [13] .
Since we also realized 1T′-MoTe 2 has susceptibility issue to environment, as reported [16] , two more spectra taken for 30 min and 2 h exposed samples which would be discussed with XPS measurement, later in this manuscript.
The ribbon-like flakes observed in initial growth stage are associated with Peierls distortion reported earlier [20] . It has been predicted that typical monoclinic 1T′-MoTe 2 bulk is energetically less stable over 2H phase and further stabilized to monoclinic 1T′-MoTe 2 by dimerizing a series of Mo atoms along (10) direction, called one-dimensional Peierls distortion. One-dimensional ribbon-like feature in our monolayer MoTe 2 clearly manifests such effects. While anisotropic absorption behavior was observed by inserting polarizer or analyzer (SI, figures S1 and S2), the contrast can be enhanced by inserting both polarizer and analyzer crossed nearly 85°( figure 1(g) ). This phenomenon can be analyzed as anisotropic absorption (or dichroism). When the cross angle was 90°, no light was transmitted (figure S2), negating the possibility of birefringence in anisotropic transparent mediums. Grain boundaries (GBs) were clearly visible due to different absorption between grains. This feature is in stark contrast with other TMDs such as MoS 2 and WSe 2 that require UV oxidation to visualize GB [23] . No additional liquid crystal layer is necessary to visualize GB in this case unlike graphene [24, 25] . The visualization process, however, should be carefully completed because it would be indistinguishable if two perpendicular grains are merged (figure S3).
To confirm the crystal structure with TEM observations, the flake samples obtained at initial growth stage was transferred onto a holey (1.2 μm in diameter) TEM grid by fishing without the supporting layer of poly(methyl methacrylate) (PMMA) [26] . This is possible because the promoting layer used in the growth is water-soluble. Figure 2 (a) shows low-magnitude darkfield image for a particular position overlapped with several layers of 1T′-MoTe 2 within a single domain flake. Intensity is proportional to the number of layers, which is represented by false colors for demonstration. Four different layers were shown in this particularly chosen position. The black color in the upper-right corner indicates the absence of MoTe 2 layer (vacuum). Selected-area-electron-diffraction from monolayer MoTe 2 was shown in figure 2(b) . The lattice constants extracted are a=6.33 Å and b=3.52 Å, where b is compressively strained by 1.2% (or same) compared to previously reported bulk [20, 27] . Figure 2(c) shows the line profile of the relative intensity along the white-dashed arrow in figure 2(a). Four distinct contrasts were observed in a step-wise manner with the same increment with respect to vacuum, indicating the existence of four different layers.
The boundary between monolayer and bilayer was visualized in figure 2(d) . Electron-beam irradiation in general damages the monolayer sample and creates defects. Under electron beam irradiation (80 kV, order of 10
) during TEM observation, small cavities were created from monolayer (white circles in figure 2(d) ) in a few seconds. In contrast, less defects were observed from bilayer region. With prolonged beam exposure time (typically a few tens of seconds), monolayer portion was severely damaged to create cavities as indicated by yellow arrows in figure 2(e). Interestingly, some regions inside the white-dashed line were converted into 2H phase, confirmed from high resolution TEM. This is markedly different from the phase transition of MoS 2 film from 2H to 1T [28] . Some regions of 1T′ phase (green arrows) were rotated with respect to the original main axis of 1T′ flake. It is interesting to observe that such phase transition and rotation of flakes are observed around the cavity. Structural anisotropy of the monolayer MoTe 2 flakes was observed by FFM ( figure 3(a) ). Alternating Te atoms along the dimerized Mo atoms of 1T′-MoTe 2 [29] , as shown in the inset, generates different torsion depending on the scan direction. Fast scan direction is fixed from left to right in our work. Intensity expressed by contrast in the figure reflects torsional displacement of the tip. The SiO 2 /Si substrate is isotropic with no particular crystal orientation, therefore providing uniform background of the frictional force in FFM scan. The contrast difference from background provides information for the anisotropy of the flake. Clear contrast among flakes in different orientations was observed. This ensures visualization of GB as well, similar to POM. The anisotropic surface morphology was confirmed as a line pattern from monolayer 1T′-MoTe 2 on highly oriented pyrolytic graphite (HOPG) substrate by STM ( figure 3(b) ). The bright color indicates Te atom. Dark regions with different sizes indicate single or multi-vacancies. The alternating Te atoms in height in figure 3(c) are clearly visible with similar periodic repetition to TEM results (see SI for fast Fourier transform, figure S4) .
Scanning tunneling spectroscopy (STS) was performed on a regular array at different feedback current levels of 100 and 600 pA. I-V curves in the inset of figure 3(d) show nearly linear behavior and the corresponding dI/dV graphs show a finite density of states even at zero bias, strongly implying the metallic nature of monolayer 1T′-MoTe 2 . This is inconsistent with previous report that monolayer 1T′-MoTe 2 reveals a small bandgap of ∼60 meV [20] . This difference could originates from thermal broadening of the bandgap since STS was measured at room temperature. Precise low-temperature measurement is required to elucidate this discrepancy. Figure 4 (a) shows angle-dependent absorbance, A(λ)=log(I 0 /I), from monolayer ribbon-like 1T′-MoTe 2 flake placed on quartz substrate. A beam size of the light of ∼1 μm in diameter was incident on 7×20 μm 2 flake in micro-absorption spectroscopy (see SI for detail setup, figure S5 ). Broad absorption at 550 nm presumably originates from electronic band structures [30] , which should be further studied. Areal intensity integrated over a given interval of 50 nm is summarized in figure 4(b) . The maximum absorbance was observed when the main axis of polarizer is parallel to the long axis of the flake. This value was reduced in proportion to the deviated angle from the main axis of the flake within 400-600 nm. No appreciable absorbance change was observed with a wavelength larger than 600 nm. From this, we can conclude that anisotropic absorption in visible range (400-600 nm) enables detection of GB by conventional POM.
However, GB is much clearly observable on SiO 2 / Si substrate due to the interference effect. We extract the contrast difference between monolayer 1T′-MoTe 2 /SiO 2 (300 nm)/Si substrate and SiO 2 (300 nm)/Si by reflectance measurement (also see SI for detail setup, figure S5 ) with PMMA layer at the top surface, which was used to prevent oxidation. Anisotropy nature of 1T′-MoTe 2 should not be changed with the PMMA coating. The contrast was extracted with the simple formula C(λ)=(R−R 0 )/R 0 , where R 0 and R are the reflected light intensity from quartz and sample/quartz slip, respectively. The contrast map was then plotted as a function of angle and wavelength in figure 4(c) . At below 450 nm, the contrast is high, regardless of the angle. At wavelength of 450-650 nm, a clear symmetry relative to the main axis of the flake (0°) was observed with the maximum contrast at zero angle, while it was reduced at above 650 nm.
In figure 4(d) , we show transmittance data from the full monolayer (1×1 cm 2 ) 1T′-MoTe 2 which was transferred on quartz substrate immediately after growth (inset). The transmittance was significantly decreased at shorter wavelength, reaching an absorption of ∼15% at 400 nm. The transmittance increased in response to the wavelength, still giving rise to 7% absorption at 700 nm. This spectral response and unusually large absorption from monolayer 1T′-MoTe 2 in spite of randomly orientated flakes in full monolayer is in stark contrast with graphene that shows uniform absorption and 2.3% absorption [31] . Comparing to absorption peak at ∼550 nm in figure 4(a) , transmittance data shows small bending at around 550 nm therefore both data are compatible. Since the flake orientations in large film are random and the light is unpolarized for transmittance measurement, the shape of feature is rather broad (blue arrow) compared to absorbance spectra in figure 4(a) . The sample was exposed in air (relatively dry and low temperature, temperature, T: 20°C, humidity, H: 40%) and the transmittance was repeatedly measured with a prolonged time up to 20 h. Oxidation effect was negligible in initial 30 min. The transmittance was then gradually increased in response to the exposure time, independent of the wavelength. The intrinsic character of 1T′-MoTe 2 was retained even with 20 h oxidation time. The height of MoTe 2 measured by AFM was not altered appreciably from the pristine sample under the given dry condition, whereas the variance from position to position was large under humidity condition with temperature T=25°C at a humidity level of >60% (see figures S6 and S7). The transmittance was gradually increased in response to the exposure time. This originates from the conversion from monolayer MoTe 2 to thick MoO x and TeO x film (figure S8), 3 nm in height (figures S7 and S9). Also, chemically absorbed oxygen removes two-fold anisotropy from 1T′-MoTe 2 by generation of oxides, resulting in elimination of crystallinity ( figure S9) . The oxidation could be reduced by storing the materials in relatively dry ambient as we mentioned. Dichroism effect could be improved by synthesizing single crystalline (inchscale) monolayer MoTe 2 for practical applications. This issue is out of our scope therefore remains unexplored at the moment.
Conclusion
In summary, we successfully synthesized monolayer 1T′-MoTe 2 in centimeter scale with AHM and NaOH as Mo precursor and promoter. Structure of the material was identified by Raman spectroscopy, AFM, STM and TEM measurement. We also verified chemical state of 1T′-MoTe 2 by XPS and further investigated stability issue through optical microscopy, AFM and XPS. In particular, the material showed anisotropic absorption behavior in visible range which is advantageous for visualizing GBs due to the contrast difference among the randomly oriented flakes under POM. We believe our finding would support the investigation of other anisotropic materials in future. 
STM measurement
Scanning tunneling microscope/spectroscopy (STM/ S) was performed to investigate the surface morphology and electronic structure in monolayer 1T′-MoTe 2 at room temperature using commercial STM (Omicron, Germany). During the measurement, pressure in an ultra-high vacuum (UHV) chamber was below 5×10 −11 Torr. For STS measurements, conventional lock-in technique was applied with 0.05 V rms voltage modulation at 817 Hz. The CVD 1T′-MoTe 2 sample in the UHV chamber was gently annealed below 90°C for ∼48 h.
Absorption spectroscopy
Optical imaging was performed by a home-built optical microscope. The sample was illuminated with polarized light from tungsten-halogen lamp with a polarizer. The total lamp power was 50 mW. However, the power of light was reduced by beam splitter, polarizer, objective lens (and more optics in beam path). The calculated power density was less than 20 W cm
, which is even smaller (1/200) than the 10 μW laser (power density; 4000 W cm −2 , in the case of 500 nm beam size) that ignore any heating effect. The signal was collected to the objective lens (100×, N/A 0.85, Nikon) and focused onto a charge-coupled device for imaging or guided to the spectrometer for spectral analysis.
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